The vertebrate Otx gene family is related to otd, a gene contributing to head development in Drosophila. We previously reported on the expression of Xotx2 gene, homologous to the murine Otx2 gene, during early Xenopus development. In the present paper we report an extensive analysis of the expression pattern of Xotx2 during later stages of development and also the cloning and developmental expression of two additional Otx Xenopus genes, Xotxl and Xotx4. These latter two genes bear a good degree of homology to murine Otxl, higher for Xotxl than for Xotx4. Both these genes are expressed in the forebrain and midbrain regions and their developmental patterns of expression are very similar, although not perfectly superimposab1e. Spatial and temporal expression patterns of the three Xotx genes suggest that they may be involved in the early subdivision of the rostral brain, providing antero-posterior positional information within the most anterior districts of the neuraxis. The three Xotx genes are expressed in all the developing sense organs of the head, eyes, olfactory system and otic vesicles. By in situ hybridization the earliest detectable expression is found in anterior mesendoderm for Xotx2, and in presumptive anterior neuroectoderm for Xotxl and Xotx4. In addition, we examined whether Xotxl is expressed in exogastrulae, finding that Xotxl expression can be activated in the apparent absence of vertical signals of neural induction.
Introduction
Classical studies on amphibian embryos have shown that neural axial patterning in vertebrates is the result of inductive events in which dorsal mesoderm plays a crucial role (Spemann, 1938) . After having been itself induced by signals from the embryo vegetal hemisphere (for reviews see Sive, 1993; Smith, 1993; Kessler and Melton, 1994; Slack, 1994) , dorsal mesoderm is in turn able to induce the animal pole ectoderm towards a neural fate, at the same time establishing its antero-posterior pattern. Primary neural induction may be achieved by planar or vertical signalling, or by a combination of both mechanisms. Several reports have demonstrated that horizontal signals may suffice to induce spatially ordered gene activities in the nervous system, although vertical signals may be essential for proper morphogenesis and correct dorso-ventral patterning of the neuraxis (reviewed candy, in both chick and Xenopus, Otx2 is initially expressed in cells with an anterior mesendoderm fate at the onset of gastrulation, and successively turned on in the prospective anterior neuroectoderm (Bally-Cuif et aI., 1995; Pannese et aI., 1995) . A different case is presented by zebrafish, where zOtxl only is first expressed in a spot of hypoblast, prospective axial mesoderm cells; successively, both zOtx genes are expressed in prospective anterior dorsal mesoderm and neuroectoderm, with expression of zOtxl preceding that of zOtx2 (Li et aI., 1994) . A third zebrafish Otx gene, Otx3, is alike zOtxl for its early expression, which occurs in the involuting presumptive anterior mesendoderm of early gastrula embryos, and only successively in presumptive anterior neuroectoderm d a a b d (Mercier et aI., 1995) . Expression analysis and explantrecombination experiments in the mouse have shown that both positive and negative signals from underlying mesoderm are important in defining the final expression domain of Otx2 in the neuroectoderm (Ang et aI., 1994) . Similarly, Xotx2 expression in frog neuroectoderm may depend upon signals from anterior mesendoderm (Pannese et aI., 1995 ; but see also Blitz and Cho, 1995 and Section 3 below). In conclusion, members of the vertebrate Otx gene family could be involved in mediating the early inductive events between anterior mesendoderm and neuroectoderm, but the putative role of each gene remains to be established. Members of the Otx family may also play a later role in neuron (a',d') , Xotx1 (b'), and Xotx4 (c'). Arrows show labelling on cement gland anlage (a') and on anterior mesendoderm (d'). a, archencephalon; d, deuterencephalon; cg, cement gland anlage; ba, brain anlage; ph, pharinx. Bars: 300,um. differentiation, as suggested by Otx1 expression within specific subpopulations of cortical neurons (Frantz et aI., 1994) . The identification of all the individual genes of the vertebrate Otx family should contribute to clarify their respective role in early inductive events, brain and head patterning, and neuron specification.
We previously reported the cloning of the Xenopus Xotx2 gene and its pattern of expression during early developmental stages (Pannese et aI., 1995) . Together with results of functional assays, our observations suggest an early role for this gene in events leading to preparation and execution of gastrulation, determination of anterior cell fate, and in specifying anterior head regions and their spatial relationship with trunk structures. To better understand the role of Xotx2 in brain development, we have now analysed the expression pattern of Xotx2 during later stages of development. In this paper, we also report the cloning of two other Otx-related Xenopus genes, Xotx1 and Xotx4, as well as their developmental pattern of expression in normal embryos and in exogastrulae, where neural induction is assumed to take place in the absence of vertical signals from the inducing mesendoderm.
Results

Xotx2 gene expression during mid-to late developmental stages
Similarly to what is observed at stage 14 (Pannese et aI., 1995) , Xotx2 mRNA expression at stage 18 appears to be confined to the anteriormost regions of all three germ layers. These comprise mesendodermal derivatives such as the prechordal plate and the anteriormost part of the prospective pharynx, and ectodermal derivatives, including the anterior part of the brain anlage, the presumptive region of the cement gland and the stomodeal-hypophyseal anlage (Fig. la',d') .
During subsequent stages Xotx2 transcripts first decline, and then disappear, from the prechordal plate, whereas they persist in the anterior regions of the just closed neural tube, and in more ventral districts of the head region. The following description applies to stage 23, when the encephalon is subdivided into three vesicles ( Fig. 2a'-d') . Within the developing nervous system, the gene is expressed in the whole forebrain and midbrain regions, with the only exception of a restricted region corresponding to the presumptive area of the future preoptic recess and optic chiasma (Fig. 2a',b' ). Xotx2 expression extends caudally up to the posterior border of the midbrain, as assessed by hybridisation of alternate serial sections to a en-2 probe (compare Fig. 2a,b with Fig.  2a',b' ), which marks the midbrain-hindbrain junction (Hemmati-Brivanlou et aI., 1991) . Analysis of transversal sections shows that Xotx2 is strongly expressed in the whole fore-and midbrain regions, including the prospective ventral diencephalon (Fig. 2d') , where Xotx2 transcripts are not found at later stages (see below). Xotx2 is transcribed also in the whole eye vesicle (Fig. 2d') . Aside from neural structures, Xotx2 is also expressed in ventral head structures such as the developing cement gland and the anteriormost part of the pharyngeal endoderm (Fig. 2a', d') . At the level of the first pharyngeal pouch, Xotx2 transcripts are detected in both the endodermal layer and the ectodermal component of the pouch (not shown). Xotx2 expression also becomes visible for the first time at stage 23 in the forming olfactory placode, where it persists during later phases of the olfactory organ development ( Fig. 2c' and data not shown) .
During the following developmental stages Xotx2 mRNA distribution is slightly different, in that the gene is no longer expressed in lateral portions of both telencephalon and diencephalon (Figs. 3,4) . At stage 33 sagittal and parasagittal sections show labelling on the whole foreand midbrain regions, with the clear exception of the preoptic recess and chiasmatic region ( Fig. 3a' ,b'). Transcripts are also detectable in the cement gland and in the endoderm of the first pharyngeal arch (Fig. 3a' ,b'). Transverse sections in the anteriormost region show autoradiographic signal in the olfactory placodes, ventral telencephalon and dorsal diencephalon (epithalamus, including epiphysis), while the lateral parts of the telencephalon are devoid of Xotx2 transcripts (Fig. 3c') . More posterior sections, at the level of the optic vesicles, show labelling on dorsal thalamus and mesencephalon, while no signal is visible on ventral thalamus, optic stalks, preoptic recess and optic chiasma (hypothalamus) (Fig. 3d') . At the level of the infundibular region of the hypothalamus, transversal sections show expression of Xotx2 throughout the whole section of the mesencephalic vesicle (both in the prospective tectum and tegmentum), while in the hypothalamus labelling is only seen in the infundibular region and the posteriormost region of the hypothalamus, the latter corresponding to the mamillary region of mammalian hypothalamus (Beccari, 1943; Kuhlenbeck, 1973) (Fig. 3e') . Xotx2 expression in the eye vesicle is restricted to the entire neural retina, thus excluding both optic stalks and the future pigmented retina (Fig. 3d ',e' and data not shown). Although Xotx2 transcripts are already detectable in the otic vesicle by stage 30 (not shown), expression of the Xotx2 gene becomes stronger at stage 33; at this stage it can be easily compared with that of Xotx1 and of Xotx4 as for transcripts distribution. All three genes are expressed in the ventral part of the otic vesicle, apparently within the same spatial domain (Fig. 3f' ,f" for Xotx2 and Xotx1, respectively; data not shown for Xotx4).
At stage 37, Xotx2 expression is substantially similar to that described above, with few variations (Fig. 4) . Sagittal and parasagittal sections show that Xotx2 transcripts are present in medial parts of telencephalon, diencephalon and mesencephalon (Fig. 4a',b' ). Transcripts of the gene now appear also posterior to the midbrainlhindbrain junction, in the thin stripe of tissue constituting the dorsal wall of the rhombencephalon: this corresponds to the mammalian posterior choroid plexus, reported to express the homologous gene Otx2 (Boncinelli et aI., 1993 (Fig. 4c' ), dorsal thalamus ( Fig. 4d') , infundibular wall of the hypothalamus (Fig.  4e') , and mesencephalon (both tectum and tegmentum) (Fig. 4f') . No expression is detected in the lateral telencephalon, ventral thalamus and in the optic chiasma region. As in earlier stages, Xotx2 is also expressed in the eye (Fig. 4d ',e',f), in the olfactory placodes (Fig. 4c') , in the otic vesicle and in the first pharyngeal pouch (not shown).
Cloning and sequence analysis ofXotxl and Xotx4 genes
Several clones were isolated in the screening of a stage 24-25 Xenopus embryo cDNA library with a murine Otxl probe. All the analyzed clones essentially belong to two types, that we call Xotxl and Xotx4. Fig. 5 shows the deduced peptide sequences of both Xotxl and Xotx4, compared to murine Otxl (Simeone et ai., 1993) and to frog Xotx2 (Pannese et ai., 1995) . Xotxl shares 86% homology with the murine Otxl and 72% with Xotx2. The comparison of the same clone, at the amino acid level, with zebrafish zOtxl and zOtx3 (Li et ai., 1994; Mercier et ai., 1995) reveals a homology of 82% and 78%, respectively. The second clone, Xotx4, shows 78% homology with the murine Otxl and 72% with Xotx2, while it shares 79% homology with zebrafish zOtxl and 73% with zOtx3. The homology between Xotxl and Xotx4 is 87%. The general structure of the predicted Xotxl and Xotx4 proteins is similar to that of previously described members of the Otx family, each of them containing a short amino terminal domain, the homeodomain and a long carboxy terminus. Remarkably, the peptide sequence of the homeodomain is fully conserved between Xotxl, Xotx4 and Otxl, but for a single amino acid change at position 18. In particular, the three homeodomains share the lysine residue at position 50, only found so far, besides the Drosophila orthodenticle (otd) and the vertebrate Otx genes, in Drosophila bicoid (Driever and Niisslein-Volhard, 1988) , in Xenopus goosecoid (Blumberg et ai., 1991) , and more recently in Drosophila sine oculis (Cheyette et ai., 1994) and in its vertebrate homologues six] and six2 genes (Oliver et ai., 1995) . The mouse Otxl deduced peptide sequence is 355 amino acids while Xotxl and Xotx4 genes encode proteins of 338 and 329 amino acids, respectively. These differences in length are due to several insertions present in the mouse Otxl protein. On the other hand, in the region immediately downstream to the homeodomain Xotxl and Xotx4 show an insertion of short stretches of glutamine, serine and asparagine, not found in mouse Otxl.
The similarity between Xotxl and Otxl extends outside of the homeodomain, in regions that are diagnostic of Otxl and not present in Otx2, such as the serine stretch around position 145 and the A VS sequence that precedes it, the PMHSHHHPHQLSPMAPSSM sequence and stretches of histidines in the carboxy terminal half of the protein. Within these same regions Xotx4 shows several dissimilarities.
Based on these reasons, we refer to Xotxl as the Xenopus homologue of Otxl and call the other clone Xotx4, since it appears to be a new member of the Otx gene family.
Developmental expression of Xotxl gene
RNase protection analysis detects the presence of Xotxl transcripts at a constant level from unfertilised eggs to approximately stage 25, when the level of transcripts declines (data not shown). The occurrence of Xotxl transcripts becomes detectable by in situ hybridisation at stage 12, in the anterior neural plate (Fig. 6a ). Soon afterwards (stages 13/14) a strong expression of Xotxl is observed in a restricted region of anterior neuroectoderm, corresponding to the posterior archencephalon and anterior deuterencephalon (Fig. 6b,c,f) ; within this area, no labelling is detectable in the midline region, putatively corresponding to the anterior part of the notoplate (Fig.  6c) . Transcripts of Xotxl are present in both epithelial and sensorial layer (Fig. 6f) . Moreover, transcripts are also detectable in the sensorial layer of the ectoderm at the level of the mesoderm-free zone where the cement gland and the stomodeal-hypophyseal anlagen will appear (Nieuwkoop and Faber, 1967) (Fig. 6f) . Very low levels of Xotxl transcripts, if any, may be detected in the prechordal plate at these early stages as well as at later ones (Fig. 6d,e) . A similar pattern of expression is displayed by Xotx4 (data not shown; see below).
At stage 18, it becomes clear that Xotxl is expressed in the prospective archencephalon and in the anterior region of the prospective deuterencephalic vesicle (see Nieuwkoop and Faber, 1967; Eagleson et ai., 1995) ; differently from Xotx2, Xotxl expression area never reaches the very anterior tip of the brain ( Fig. Ib') ; therefore, in the brain region, the expression domain of Xotxl appears to be contained within that of Xotx2.
At stage 23, the neural tube has segregated into pros-, meso-and rhombencephalon (Nieuwkoop and Faber, 1967) . At this stage Xotxl shows a high density of tran- c e f scripts in both the dorsal and ventral part of the prosencephalon and mesencephalon. However, the anteriormost regions of the prosencephalic vesicle, prospectively corresponding to the future ventral telencephalon, do not show labelling ( Fig. 2a", b" ,e); in this respect, Xotxl differs from Xotx2, which, at the same stage, is expressed all throughout the pros-and mesencephalic vesicles, with the only exception of the preoptic recess and optic chiasma (compare Fig. 2a",b" ,e with Fig. 2a',b',d' ). In agreement with observations on sagittal sections, transverse sections show autoradiographic labelling on the prospective diencephalon and mesencephalon, while transcripts are not detectable in the ventralmost area of the future telencephalon (Fig. 2e) . Weak labelling is present on the prospective pigmented layer of the eye vesicle and in a thin layer of cells external to the eye, which may be mesenchymal in nature. At this stage Xotxl is also expressed in the forming olfactory placode and in the anteriormost endoderm ( Fig. 2a" -eft) . As already seen for Xotx2, at the level of the first pharyngeal pouch, Xotxl transcripts are detected in both the endodermal layer and the ectodermal component of the pouch (not shown).
At stage 33 longitudinal sections show that Xotxl is expressed within both the diencephalon and mesencephalon, with the apparent exclusion of the most anterior and ventral region of the brain, corresponding to the prospective ventral telencephalon (Fig. 3a",b" ). Xotxl posterior border of expression corresponds to that of Xotx2, although a fuzzy 'tail' of autoradiographic signal may be seen, posteriorly to this border (Fig. 3b" ) (see also expression at stage 37). Transverse sections at very anterior levels confirm that Xotxl is expressed in the dorsal part of the diencephalon (epithalamus); at this level Xotxl expression is also detected in the lateral districts of the telencephalon, which do not show Xotx2 transcripts (compare Fig. 3c" with Fig. 3c') . Conversely, no Xotxl expression is detected in the ventral telencephalon and in the lamina terminalis, which both express Xotx2 (compare Fig. 3c" with Fig. 3c'; and Fig 3a" ,b" with Fig.  3a',b' ). Transverse sections at more posterior levels show that Xotxl is expressed in dorsal thalamus, hypothalamus (infundibular region), and mesencephalon (Fig. 3d",e" ). Besides its expression in the brain, Xotxl is also expressed, at lower levels, in the anterior endoderm, including the first pharyngeal pouch, and in a thin stripe of cells in the cement gland region (Fig. 3a",b") ; Xotxl transcripts are also present in the pigmented retinal layer (Fig.  3e") , in the ventral portion of the otic vesicle (Fig. 3f' ) and in the olfactory placodes (not shown).
At stage 37 Xotxl expression pattern is similar to that of Xotx2, although somehow lower in level (Fig. 4) . Longitudinal sections show that the gene is transcribed mostly in the mesencephalon and, to a lower level, in more rostral districts of the brain (Fig. 4a",b" ). Xotxl expression is also detectable in the ventral rhombencephalon as three labelled spots directly posterior to the midbrain (Fig. 4b", arrow) . Transverse sections (Fig. 4c" -f' ) show that at anterior levels the gene is transcribed in dorsal and lateral regions corresponding to epithalamus and to dorsolateral parts of the telencephalon. In posterior sections Xotxl transcripts can be detected in the dorsal thalamus, in the infundibular hypothalamic region (where lateral labelling of Xotxl seems to complement that of Xotx2: Fig. 4e ",e'), and in the mesencephalon (with more intense labelling in the tegmentum than in the tectum).
Developmental expression of Xotx4 gene
As discussed in Section 2.2, sequence analysis shows that Xotx4, although closer to Xotxl, may represent a new member of a family of Otx-like genes. In spite of the difference between the two genes, Xotxl and Xotx4 display similar, although not perfectly superimposable, spatiotemporal patterns of expression. By in situ hybridisation, Xotx4 transcripts are first detected at early neurula stage in the anterior neural plate, with a pattern of expression similar to that of Xotxl (data not shown). At stage 18 (late neurula), Xotx4 transcripts show a spatial pattern similar to that of Xotxl and are localized mostly in the deuterencephalic vesicle (Fig. lc') . A less uniform distribution of Xotx4 transcripts is observed during successive developmental stages; transcripts appear to be clustered in discrete areas of more intense labelling corresponding to prospective ventral mesencephalon/diencephalon and dorsal diencephalon (Fig. 7 and data not shown) . In the nervous system, the expression domain of Xotx4 appears to be contained within the spatial domain of Xotx2 and of Xotxl; the expression domains of the three genes are resumed in the scheme of Fig. 9 . In addition to these districts, Xotx4 is also transcribed in the otic vesicle and in the olfactory placodes, with an essentially identical pattern to that of Xotx2 and Xotxl (data not shown).
Xotxl expression in exogastrulae
In order to determine if Xotxl gene is expressed in the neural plate in the absence of the underlying mesoderm, we examined the expression of Xotxl gene in complete exogastrulae (Ruiz i Altaba, 1992) by whole-mount in situ hybridisation. In 23 out of 30 complete exogastrulae examined at stage 24, Xotx1 transcripts are clearly detected in the anterior portion of the neuroectoderm (Fig.  8) . In 20 out of 30 complete exogastrulae a signal is also present in the anterior mesendoderm, although it is not always visible in photographic reproductions.
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Discussion
Xotx genes in Xenopus
The search for the homologues to the Drosophila orthodenticle (otd) gene, which controls head development in the fly, has led to the identification of a vertebrate Otx gene family involved in brain and head patterning (see Section 1).
We previously reported the cloning and the early expression pattern, up to stage 14, of the Xenopus gene Xotx2, homologous to murine Otx2 (Pannese et ai., 1995) . We have reported here on the Xotx2 pattern of expression during later developmental stages, along with the cloning and developmental expression patterns of two additional orthodenticle-related genes, which we named Xotx1 and Xotx4.
As shown by comparison of their sequences, we consider Xotx1 as the homologue of murine Otx1 and of zebrafish zOtx1 genes. On the other hand, the amino acid sequence deduced for Xotx4 is quite divergent compared to that of mouse and zebrafish Otx1, and the precise position of Xotx4 within the Otx gene family remains to be assessed. Thus, Xotx4 may represent a diverged copy of the Xotx1 gene, in the natural tetraploid genome of Xenopus (Graf and Kobel, 1991) or, alternatively, a new the brain region is resumed in the scheme of Fig. 9 . In view of the similarity of the Xotx4 pattern of expression with that of Xotxl, here we discuss mainly results concerning Xotx2 and Xotxl.
Developmental expression of Xotx genes and neural induction
Xotx2 transcripts are detected in all three germ layers of the anterior region of the Xenopus embryos, where their presence, however, appears to be subject to a differential regulation (Pannese et aI., 1995 and present work) . In fact, after a strong initial expression in the anterior mesendoderm at the onset of gastrulation, Xotx2 expression declines progressively in the prechordal plate mesoderm, becoming barely detectable at the early tail bud stage. Expression of Xotx2, instead, persists in the most anterior endoderm. Within the neuroectoderm, Xotx2 transcription is detected from stage 10.5, and persists throughout all subsequent developmental stages. During brain development, it becomes clear that the region of Xotx2 expression corresponds to the whole fore-and midbrain regions, with the exception of the preoptic recess and optic chiasma (Pannese et aI., 1995 and present data) . There are two major differences in the spatio-temporal pattern of expression of Xotxl with respect to that of Xotx2 during early development. First, localized transcripts of Xotxl are evident at a later stage (st. 12) with respect to those of Xotx2 (st. 10); second, the first detectable site of expression of Xotxl is in the neuroectoderm, and not in the mesendoderm, as is the case for Xotx2. Actually, at variance with Xotx2, Xotxl does not appear to be expressed in axial dorsal mesoderm, including the prechordal plate mesoderm, which instead represents a strong, and the earliest, site of expression for Xotx2. We speculated (Vignali et aI., 1994) that the early expression of Xotx2 in the prospective prechordal plate mesoderm might contribute to confer to this tissue its 'head organizer' properties (Spemann, 1931) . In fact, knock-out of the mouse Otx2 gene results in complete loss of the foreand midbrain regions (Acampora et aI., 1995) . As a regulator of the head organizer, Xotx2 should be involved in the signalling pathway leading to anterior neural induction, and it is tempting to speculate that its expression in the prechordal plate mesoderm may be required for both its own, and the Xotxl activation or modulation in the neuroectoderm. Candidate neural inducers should then elicit andlor maintain Otx expression in the neuroectoderm, and in fact the neural inducer noggin activates Xotx2 in Xenopus ectoderm explants (Lamb et aI., 1993 ; see also Ang et aI., 1994) . Analyses on gene expression in exogastrulae or Keller's sandwiches (Doniach, 1993; Ruiz i Altaba, 1993 ) have a bearing on the question whether activation of neural genes is elicited by planar or vertical inductive signals. Differently from Xotx2 (Pannese et aI., 1995) , Xotxl is expressed in the anterior neuroectoderm of complete exogastrulae. It is not clear whether these Xotxl-positive cells may correspond to fore-orland midbrain territories; this point might be of some significance, since it has been argued that most forebrain and midbrain values may not be present in exogastrulae (Ruiz i Altaba, 1994) . In any instances, results in exogastrulae would suggest that induction or maintenance of Xotx2 expression in anterior neuroectoderm may require vertical signals, whereas planar signals should suffice to elicit Xotxl expression.
Developmental expression ofXotx genes and brain patterning
Xotxl expression domain appears to be contained within that of Xotx2; this is clear since the neurula stage, when Xotxl domain of expression on sections appears as a 'collar' of hybridization mainly in the prospective midbrain region (see Eagleson and Harris, 1991) , whereas that of Xotx2 also extends in the prospective forebrain region (Fig. la',b',c'; Fig. 6b ,c,f; and see also Pannese et aI., 1995) . At later stages, Xotx2 is expressed in the foreand midbrain vesicles, except for the preoptic recess and optic chiasma. Immediately in front of the preoptic recess, Xotx2, but not Xotxl, is expressed in the region of the lamina terminalis, and of the prospective anterior commissure (Nieuwkoop and Faber, 1967) (Fig. 2a',a" ). This region is considered to be pertinent to the telencephalon, and represents the most anterior part of the vertebrate neuraxis (Beccari, 1943) . Both genes are also expressed in the epithalamus, dorsal but not ventral thalamus (with a border between the two regions correspondent to the sulcus medius), in the infundibular region of the hypothalamus, as well as in the mesencephalon. This pattern of expression seems very close to that of murine Otx genes (Simeone et aI., 1992 (Simeone et aI., , 1993 . In particular, late (st. 33-37) expression of Xotxl, and absence of expression of Xotx2, in the lateral walls of the telencephalon (Fig. 3c' ,c" and 4c',c") significantly parallel Otx gene expression in the developing cortical telencephalon of mouse embryos at 12.5 days post coitum (Simeone et aI., 1993) . Xotx2 is strongly expressed in ependymal structures of the brain parietal region, as well as in the rhombencephalic roof, paralleling Otx2 transcription in the anterior and posterior choroid plexus, respectively (Boncinelli et aI., 1993; Simeone et aI., 1993) . In the mouse, from 10.25 dpc, Otxl is expressed in the presumptive pontine region, the ventral part of the metencephalon (Simeone et aI., 1993) . Lower vertebrates anatomically lack a typical pontine region as a ventral counterpart of the cerebellum (Kuhlenbeck, 1973) ; however, the few Xotxl-expressing cells present in the ventral part of the rhombencephalon immediately behind the midbrainlhindbrain junction (Fig.  4b") , might correspond to a primitive population of pontine cells. Conversely, the dorsal Xotx2-negative region, between the midbrainlhindbrain junction and the thin Xotx2-positive rhombencephalic roof, may putatively correspond to the site where the cerebellum will form (Fig.4a') .
Comparison between the Xotx gene expression patterns (present data) and those of Distal-less related genes in the frog embryo (Papalopulu and Kintner, 1993) , reveals a certain degree of complementarity. In fact, frog Distalless transcripts are found in ventral thalamus and in the optic chiasma, but not in dorsal thalamus, epithalamus or dorsal telencephalon. This distribution of Distal-less gene expression domains agrees with that observed in the mouse (Price et aI., 1991; Simeone et aI., 1993) , and, together with the similar spatio-temporal pattern of expression shown by the Otx genes, may underlie a common scheme for head patterning in frog and mouse. On the other hand, Otx homologues of zebrafish (zOtx) seem to work according to a rather different scheme compared to that of mouse and frog (see Section 1). The isolation, in addition to the Otxl and Otx2 members, of two other Otxlike genes, zOtx3 in zebrafish (Mercier et aI., 1995) and Xotx4 in Xenopus (present work), raises the question of how many Otx genes may be involved in head patterning and of their respective roles in different vertebrates. Perhaps the same Otx gene family may playa role in anterior head patterning through diverse genetic cascades or networks.
Expression of the Xotx genes in the sense organs
Both Xotx2 and Xotx1 genes are expressed in all the developing sense organs of the head: eyes, olfactory system and otic vesicle (Figs. 2, 3, 4 and data not shown). This is in keeping with previous observations in the mouse and zebrafish (Simeone et aI., 1993; Li et aI., 1994) and parallels findings in Drosophila, where otd homozygous mutations lead to disappearance of antennal and preantennal regions of the head (Wieschaus et aI., 1984 (Wieschaus et aI., , 1992 Cohen and Jurgens, 1990 ; reviewed by Finkelstein and Perrimon, 1991) ; in addition, weak allelic mutations of the same gene (as ocelliless), show deletions of sense organs (including ocelli), without major disruptions on head development, thus reflecting a requirement for otd in eye-antennal disc development (Finkelstein et aI., 1990; Wieschaus et aI., 1992) .
Expression of Xotx genes is strictly correlated with eye development. Xotx2 is initially expressed in the optic anlage at the open neural plate stage; at the tailbud stage, its expression is found in the entire eye vesicle (including optic stalks and prospective retinal layer), to decline successively in some of these districts, as in the optic stalks, the pigmented retinal layer, and parts of the neural retina. Xotx1 expression is instead confined to the pigmented retina layer. This differential expression suggests a different role of the two genes in eye development, with a possible prominent role for Xotx2. Moreover, the progressive restriction of Xotx2 expression first to the neural retina, and then to the bipolar cell layer only (st. 40, our unpublished results), may be suggestive of a late function for this gene in neuron specification, recalling a similar role possibly played by Otx1 in the deep layers of the rat cerebral cortex (Frantz et aI., 1994) . Anterior structures, including eyes, are not formed in complete exogastrulae, possibly because of the requirement of vertical inductive signals (Ruiz i Altaba, 1992) or because of the possible absence of a forebrain territory (Ruiz i Altaba, 1994). The concomitant absence of expression of Xotx2 expression in complete exogastrulae (Pannese et aI., 1995) is not in contrast with the possibility that this gene may be part of the genetic pathway leading to eye formation.
Explant-recombination experiments in Xenopus embryos, as well as localization of gene activity at the level of specific neuron populations may help to understand the roles of the Otx gene family in vertebrate development.
Experimental procedures
Library screening and cDNA sequence analysis
Approximately 2 X 10 6 pfu of a Agt11 cDNA library prepared from stage 24-25 Xenopus embryos (kindly provided by I. Dawid) were screened at low stringency (43% formamide, 5x SSC, 0.5% SDS, 0.1 mg/ml denatured salmon sperm DNA, 37°C) by hybridisation with a murine Otx1 cDNA probe. Washing was carried out in 1 X SSC, 0.2% SDS at 55°C. Purified phage DNA was subcloned in pGEM3 (Promega Biotec) and sequenced on both strands using a Sequenase sequencing kit (US Biochemical) according to the supplier's instructions.
Xenopus laevis embryos
Induction of ovulation of females, in vitro fertilisation and embryo culture were carried out as described by Newport and Kirschner (1982) . Embryos were staged according to Nieuwkoop and Faber (1967) .
1n situ hybridisation
In situ hybridisation on sections of paraffin embedded embryos was performed according to a modification of the protocol described by Wilkinson and Green (1990) . Albino embryos were fixed in MEMFA (0.1 M MOPS, pH 7.4; 2 mM EGTA; 1 mM MgS0 4 ; 3.7% formaldehyde) (Harland, 1991) and processed for paraffin embedding according to standard histological procedures. In situ hybridisation was performed using 35S-radiolabelled single strand RNA transcribed in vitro. The specificity of the in situ hybridisation signals was assessed using Xotx2, Xotx1 and Xotx4 sense and antisense probes on serial and alternate sections of each sample. Synthetic RNA probes were transcribed from cloned fragments containing the final part of the coding region and the initial part of the 3' UTR of the three Xotx genes: for Xotx2, a 220 bp Alu1 fragment; for Xotx1, a 120 bp Stu11Pvull fragment; for Xotx4, a 150 bp Stu11Rsa1 fragment. After washings and RNase treatment, the slides were dehydrated and processed for autoradiography. The slides were then coated with a 1: 1 dilution of Kodak NTB2 emulsion, exposed for 2-3 weeks at 4°C, developed with Kodak D19 and Rapid Fix, and Giemsa stained.
Whole-mount in situ hybridisation was performed on staged albino embryos as described by Harland (1991) . The antisense or control sense-strand RNA probes were generated from linearized plasmids containing full length cDNA inserts. The probes were synthesised to incorporate digoxigenin-ll UTP using bacteriophage RNA polymerase (SP6 or TI). The hybridisation signal was detected by an antibody against digoxigenin coupled to alkaline phosphatase reaction. For analysis of stained embryos, whole specimens were cleared using a 2: 1 solution of benzyl benzoate/benzyl alcohol. For histological examination stained embryos were fixed in MEMFA, embedded in Paraplast, cut into IO!-lm sections, dried onto slides, dewaxed in Histoclear and mounted in DePex.
Exogastrulae
Complete exogastrulae were obtained by upside down incubation of embryos in 1.3 X MMR, after removal of the vitelline membrane. Exogastrulae that showed some degree of involution during gastrulation were discarded; only the exogastrulae that displayed the greatest degree of elongation and showed a typical head mesoderm bud at the anterior end of the mesoendodermal region (according to Ruiz i Altaba, 1992) were processed for whole-mount in situ hybridisation at stage 24.
